We analyze the current regulatory regime for electricity transmission in Germany, which combines network planning with both cost-plus and revenue-cap regulations. After reviewing international experiences on transmission investment, we first make a qualitative assessment of the overall German regime. The German TSOs have in general incentives to overinvest and inefficiently inflate costs. We further develop two models to analyze the transmission planning process. In the first model there is no trade-off between transmission expansion and generation dispatch. This is a modeling set-up similar to the one actually used in the German transmission planning (Netzentwicklungsplan). A second model alternatively allows for such a trade-off, and thus represents an optimal way of transmission network planning. Simulations with the two models are carried out and compared so as to illustrate the amount of excessive transmission capacity investment and welfare losses associated with the current regime. 
Introduction
Worldwide, different regulatory regimes for electricity transmission are in place. There is usually a question on which regime might provide the best incentives to attract investment so that grids are expanded in a welfare-efficient way. Europe is mainly characterized by Transmission System Operators (TSOs) that own networks, plan the grid's expansion, and carry out the operation of the system (including generation dispatch). In some countries (such as the Netherlands) incentive regulation is additionally used to regulate TSOs network investments. In other countries (Belgium and Germany), a mixed of cost-plus regulation for investment costs, and incentive regulation for operation and maintenance costs, is in place.
In this paper, we analyze the current regulatory regime for electricity transmission in Germany, which is going through an energy transition (Energiewende) reform process.
5 Both its transmission planning regime and its prevailing combined revenue-cap cost-plus regulations are analyzed. This task is carried out based on a regulatory-economics focus. We first carry out a qualitative overall assessment of the joint effects of the planning and regulatory schemes for transmission investment. We then further focus in a more formal analysis of the German planning for development of the grid (Netzentwicklungsplan-NEP). With such a purpose, a transition in the German electricity industry of the current uniform pricing scheme to a nodal-pricing system is simulated. In practice, such a change in the German price system might be implemented through a corresponding allocation of financial hedges, such as financial transmission rights (FTRs) , that achieve distributional efficiency among the different involved economic agents (loads, transmission companies and generators). 6 We develop then two models. One is a "decoupled" model where there is no trade-off between transmission expansion and generation dispatch; a modeling set-up similar to the one used in the German transmission development planning. A second "integrated" model allows for such a trade-off, and thus represents an optimal way of transmission capacity expansion.
Simulations with the two models are carried out and compared so as to gauge the amount of over investment in capacity associated with the current regime. 5 The Energiewende includes an 80% share of renewable energy sources (RES) in gross electricity consumption by 2050, improvements in energy efficiency (e.g., primary energy consumption is to fall by 50% by 2050), as well as developments in energy system management such as smart grids and flexibility options. 6 See Kunz et al. 2014. Our main purpose in this paper is to motivate a research agenda that we think is interesting both from an academic point of view as well as from a practical perspective.
Our assessment of the German transmission investment regime could be of interest for regulators and policy makers willing to improve market price signals and regulatory systems in the power sector. This paper is organized as follows. In section 2, we carry out a literature review on conceptual issues related to optimal transmission investment and regulation. In section 3, we present different institutional settings for electricity transmission, and how they are implemented internationally. In section 4 we analyze in detail the case of the German transmission regulatory regime. We first carry out its qualitative assessment in sections 4.1 through 4.3. We further develop in section 4.4 a modeling set-up to compare the German regime, characterized by a transmission planning regime decoupled from generation dispatch, with a benchmark model which integrates the decisions of transmission expansion and generation (re)dispatch. Section 5 concludes with some key remarks and proposes avenues for further research.
Optimal Transmission Expansion: Literature Review
In this section we analyze literature on conceptual issues related to optimal transmission investment and regulation. Brunekreeft and Borrmann (2011) carry out a complete-information analysis of pricecap and cost-plus regulation on the timing of lumpy investment by a natural monopoly.
Price-Cap vs. Cost-Plus Regulation
They show that, under price-based regulation, investment does not affect own regulated prices while cost-based regulation investment triggers price changes. They further model both replacement investment and expansion investment through variable-cost increases and demand growth increases, respectively. By comparing the cases of a social welfare maximizer, an unregulated monopolist, a price-based regulated monopolist and a cost-based regulated monopolist they conclude that, for both the increasing variable-cost and demand-growth cases, cost-based regulation accelerates investment compared to price-based regulation.
A similar result is obtained by Brito and Rosellón (2011) in regulated natural gas pipelines when investment is lumpy and the demand for gas is stochastic. They formulate the problem from the standpoint of consumers that face incomplete markets.
They find that for "reasonable" parameter values consumers prefer to pay for excess capacity rather than bearing the risk of congestion. Since the demand for gas is very inelastic, the welfare losses associated from small deviations from a first-best optimum (using price-cap regulation) are minimal. This implies that a gas pipeline system can be regulated with a cost-plus rule without any significant loss of welfare. Schill et al (2015) , however, reach opposite conclusions. They test different regulatory regimes under wind supply and fluctuating demand and find that, in terms of welfare convergence, incentive price-cap regulation is a superior alternative to cost-plus or no-regulation. Furthermore, under a transformation process of the generation system towards renewable technologies Egerer et al (2015) also find that price-cap regulation is superior in promoting investment in electricity networks compared to cost-plus regulation, as long as the proper weights are used in the price-cap formula.
Price-Cap vs. Revenue-Cap Regulation
As opposed to price-cap regulation, the German electricity transmission network is subject to revenue-cap regulation. What is the state of the literature regarding such a regime? Jamasb and Pollitt (2001) argue that the choice of revenue-cap rather than price-cap means that the regulated firm does not face major quantity risk. This could be appropriate in cases where the quantity demanded is largely outside the control of the regulated firm (such as electricity distribution), and where costs may be insensitive to short-term variations in quantity demanded. Crew and Kleindorfer (1996) show that revenue caps do not necessarily cap prices. In fact, they might even provide incentives for price increases above the unregulated monopoly level. Lanz (2005) further show that this result is robust to twopart tariff pricing. Revenue-cap regulation could then imply decreases in consumer surplus, and not be cost minimizing as opposed to price-cap regulation (Vogelsang, 2001, and Hogan et al, 2010) . However, it must be pointed out that revenue-cap and price-cap regulations usually coincide when output is ex-ante given (i.e., not a choice variable). This is typically characteristic of regimes with ex-ante process of transmission planning (as it will be analyzed in section 3 of this paper).
Optimal Transmission Expansion
The issue of optimal transmission expansion has been addressed through a range of different regulatory schemes and mechanisms that have been proposed and applied (e.g.,
Léautier 2000, Kristiansen and Rosellón 2006 , Tanaka 2007 , Léautier and Thelen 2009 , Hogan et al. 2010 . Finding optimal regulatory mechanisms is difficult given the specific physical characteristics of electricity networks like negative local externalities due to loop flows, i.e. electricity flows obeying Kirchhoff's laws. One approach to transmission expansion has been traditional central planning, either carried within a vertically integrated utility or by a regulatory authority. A usual alternative has been cost-of-service regulation. In contrast, transmission decisions could also be determined in a decentralized non-regulated way.
The Hogan-Rosellon-Vogelsang price-cap mechanism (Hogan et al. 2010, HRV) is an example of a decentralized regulatory regime which combines merchant and regulatory structures to promote the expansion of electricity networks. The HRV model is technically a bi-level programming model within an institutional structure with an independent system operator (ISO) and an independent transmission company (Transco) (see fig. 1 ). There is an upper level (which models the profit-maximizing problem the The HRV model thus defines an algorithm that could potentially be implemented by some of the large electricity markets in the US Northeast which have the necessary institutions to apply this approach, including an ISO managing the wholesale market, nodal pricing, as well as auctions for financial transmission rights (FTRs). 
Optimal Transmission Expansion under Renewable-Integration
There is scarce research on optimal transmission regulation under realistic demand patterns and large-scale renewable integration. This issue is particularly addressed in Schill et al (2015) , . Schill et al (2015) (2015) analyze the transformation of power systems toward renewables (e.g., wind substituting coal generation). They assume different scenarios on the implied effects of this transformation process on transmission network congestion.
They find that the performance of price-cap incentive regulation depends on the different types of price weights that are used in the price-cap regulatory formula. While ideal weights (i.e., weights that prevail in the steady state welfare-benchmark equilibrium) make prices converge to optimality, Laspeyres (previous-quantity) weights lead to overinvestment and (current-period) Paasche weights worsen these effects.
Notwithstanding, they also show that excessive non-optimal investments might be avoided through a proper combination of weights. For instance, using average
Laspeyres-Paasche weights might be a reasonable overall incentive strategy in the context of permanently or temporarily increasing network congestion. Likewise, under certain assumptions (such as non-ideal weights), cost-plus regulation might provide more satisfactory results than price-cap regulation. 
International Experiences

The TSO Regime
One institutional approach for electricity transmission is the TSO regime, where system operation and ownership of the grid are integrated into a single company. There is typically a regulator which sets up a regulatory constraint on transmission tariffs, as well as a planning entity (that could be, for instance, an Energy Ministry). The usual steps for decision making on transmission expansion and investment under the TSO regime involve the following sequential steps:
First step: An exogenous definition of expected generation supply with certain technology mixes, and demand capacity needs, is carried out by the planning entity through market studies under different scenarios.
Second step: Given the generation-demand assumptions, a national transmission development plan (NDP) is carried out by the TSO in order to derive its proposed expansion of the transmission grid. The NDP is typically reviewed by stakeholders, and approved by the regulator Third step: Given the NDP, the TSO carries out investment under the regulatory constraint, which may take the form of cost-plus or incentive regulation. Incentive regulation might take various forms: price caps, revenue caps, benchmarks, two-part tariff regulation and, even, a menu of contracts.
ISO Regime with Planning
An opposite institutional approach for electricity transmission is the IndependentSystem-Operator regime that only takes care of the system-operation activities, while the ownership of the grid belongs to a Transco. There is again a regulator which sets up a regulatory constraint on transmission tariffs, as well as a planning entity. The usual steps for decision making on transmission expansion and investment under this regime are:
Second step: Given such generation assumptions, the NDP is carried out by the ISO, typically using a power-flow model, in order to simultaneously derive the optimal generation dispatch and transmission expansion (as in the welfare-benchmark cases in Weigt, 2011, and Schill et al, 2015) .
Third step: Given the NDP, the Transco carries out investment under the regulatory constraint, which again may take the form of cost-plus or incentive regulation.
ISO Regime without Planning
Another more extreme approach (which has not yet been tried in practice) would be the set-up of the HRV model proposed in Hogan et al (2010) , where the expansion of the transmission grid is purely incented through price-cap regulation without a previous planning process. The ISO, the Transco, and the regulator interrelate in an environment with nodal-pricing and FTRs, so that decision making follows the next steps:
First step: A pre-existing network and point-to-point transmission prices that the Transco has charged up to the present are in place.
Second step:
The regulator sets the (incentive) regulatory pricing constraint.
Third step: The Transco collects information about generation supply and electricity demand at all relevant geographical locations (or at each node).
Fourth step:
The Transco invests in grid capacity. 
European Experiences on Transmission Regulation
A brief review of European regimes for electricity transmission expansion reveals that the combination of a TSO regime, with planning of grid expansion and revenue-cap regulation, is common across many country electricity systems. The basic logic is that the planning process provides first the input on forecasted generation output, from where the transmission capacity needs are calculated within a power-flow model. The revenue-cap regulation scheme applied thereof to incentivize investment efficiency in operation and maintenance expenditures (OPEX) --combined in most cases with costplus regulation for new investments--is thus based on a given transmission throughput.
In such a case, revenue-cap regulation in fact coincides with price-cap regulation inheriting its incentive properties. It must be mentioned that, in most countries, regulatory schemes are complemented with other measures that provide costminimizing incentives, or help to handle risk. In the latter, adjustments to compensate the TSO for the difference between forecasted and actual needed transmission capacities are usually considered.
In Belgium and Germany the regulatory scheme used in the third step described in 3.1 is cost-plus regulation for new capacity investments, and revenue-cap for operation and OPEX. In France, incentive regulation is used for both OPEX and capital expenditures (CAPEX) with a revenue-cap over two-part tariffs for new capacity investments, while in the Netherlands incentive revenue-benchmark regulation (based on other European TSOs) for expansion investments, and revenue-cap for OPEX, is in place. In Great Britain, a relatively innovative regulation scheme is used, which is a mix of cost-plus and incentive regulation with emphasis on resource adequacy, innovation, and incentives to improve outputs to consumers (RIIO). RIIO also includes a menu of contracts to incentivize self-selection by the TSO.
We now review in some more detail the planning and regulation schemes for transmission investment within some European countries. The subsequent Belgian regulatory regime for electricity transmission is structured in four-year periods, and it is a based on a revenue-cap mechanism. This regime makes a distinction between non-controllable costs, including capital investments, which are basically passed through to consumers based on a cost-plus regime. The controllable costs are mainly OPEX and are adjusted with X-efficiency and productivity factors. The Belgian regulatory basic system for electricity transmission is similar to the German one, in terms of the way it defines its structure of incentives.
However, CREG also applies other measures to ensure that proper grid investments are carried out as well as to help with the TSO's handling of risk. On the former issue, a year-two incentive scheme is applied ex-post to part of CAPEX on replacement and reliability investments (based on a fund of approximately €5 million). On the latter issue, if the expected volume differs from the realized volume, a correction factor is applied ex post to ensure that ELIA is remunerated as expected.
France
The French TSO, RTE, must provide every year a ten-year national transmission development plan based on projected electricity demand and generation supply. The generation forecasts (which are public, and also consider the connection to the grid of RES units) are prepared every two years by RTE and the energy regulator (CRE).
Given these generation assumptions, RTE develops its network expansion plan through a model that calculates welfare benefits against saved congestion costs, the value of avoided lost load, and the decrease of network losses. RTE then drafts a version of this transmission development plan (which is not public) that is put to consultation with transmission users and, later, with the general public. The three year section of the development plan is binding for RTE.
The French regulatory regime is also based on a four-year revenue-cap mechanism. The TSO's regulated activities include operation and investments following a "building-block" approach, so that the revenue cap makes a distinction between forecasted OPEX costs and CAPEX costs. These are controllable costs (controlled by the revenue cap) which are also subject to an X-efficiency factor. Non-controllable costs are passed through in tariffs through a cost-plus mechanism. In particular, new interconnections will rely on a new two-part incentive mechanism: a fix-part premium that aims to increase welfare at a European level (considering increase in cross-border flows, impacts on national prices and security of supply), and a variable-part premium that would incentivize that the interconnection provides a maximum of additional flows.
The Netherlands
Tenne T owns and operates the Dutch transmission system, and biannually publishes a seven-year capacity plan. It also creates a Vision-2030 public report, which provides long-term scenarios on economic growth, RES power penetration developments (mainly wind), generation locations within the Netherlands (onshore and coastal), and global demand for fossil fuels. Likewise, quantitative estimates on peak load and electricity generation capacity are carried out, together with different alternatives for demand and supply adjustments. Imports from Belgium and Germany are also added in the scenario analysis. For each of these scenarios, Tenne T carries out power-flow calculations to determine transmission capacity needs according to (n-0), (n-1), and even (n-2) criteria.
These calculations are later integrated into a national electricity supply plan that is legally binding.
The Dutch regulatory design for electricity transmission is based on three-year revenue caps: one cap for total expenditures (TOTEX) with an RPI-X adjustment, and another cap for system-operation costs (which includes an incentive factor for the deviation of actual and expected costs). The first cap is subject to an X-efficiency factor which considers the original two-year lagged base costs of the TSO, and assesses the targeted costs at the end of the regulatory period. These targeted costs are based on a comparison of several TSOs, and takes as benchmarks the average of the three bestperforming firms. 10 The X-factor also considers the general technological progress within the sector. A complementary "risk reduction" term is applied for expansion investments that were not included in the original revenue cap. The costs of such investments are integrated in the tariff when assets are completed with a two-year lag.
10 In 2013, Tenne T was considered to have had an inefficiency of 40% with respect to other efficient European TSOs.
Great Britain
There are three transmission owners in Great Britain: National Grid Electricity Transmission, Scottish Power Transmission Limited, and Scottish Hydro-Electric Transmission Limited. They are required to submit a network development plan to the regulator, Ofgem, prior to each regulatory period. National Grid publishes each year multiple scenarios regarding spatial distribution of generation and demand, which are then subject to stakeholder consultation. The scenarios extend in detail to the year 2030 and, with a more general perspective, up to 2050. After the scenario development, a market simulation to plan the grid expansion is carried out. These simulations are performed following two criteria: a "security" (energy balance) criterion, and an "economic" (cost-benefit) criterion. 11 The cost-benefit analysis 12 includes the consideration of cost forecasts on transmission investment, constraints and transmission losses. The network development outcomes are then published in a ten-year national grid plan (ETYS) which, after consultation and consistency check with the regulatory network scheme (RIIO) 13 , the ETYS will be the basis of the National Grid's (nonbinding) business plan sent to Ofgem.
The new regulatory scheme used in Great Britain for transmission expansion is then RIIO. An eight-year revenue cap 14 seeks to stress incentives to improve services and outputs to consumers (such as GHG emissions and reliability), innovation and longterm cost minimization. The revenue cap follows a TOTEX approach, so that a part of the TOTEX is capitalized ("slow money") and is paid as a 45-year depreciation of assets. The rest of TOTEX and non-controllable OPEX costs are passed through and paid yearly ("fast money"). A two-year lag and an inflation adjustment factor are also applied. Likewise, a cost efficiency scheme is further applied based on a menu of contracts that seek that the firm reveals its private-information on targeted costs.
Additionally, the revenue cap might also be adjusted according to changes in investment drivers, including changes in the volume of expected generation and demand connections, and additional capacity needed to relieve network constraint.
11 The former criterion seeks that demand is met without imports or from intermittent resources. The latter criterion should allow that sufficient transmission capacity is in place to bring RES generation to load centers. 12 This cost-benefit analysis is made public. 13 RIIO stand for: Revenue Incentives Outputs. 14 With potential four-year revisions.
Other International Experiences
Internationally, the ISO regime is popular in many countries within the Americas (such 
The German Electricity-Transmission Regulatory Regime
The Regulatory Formula
Germany follows a TSO approach with planning where grids are owned by four different TSOs. Cost-plus regulation is used to regulate capacity-expansion costs.
Expansion transmission factors subject to this regulation are permanently non influenceable costs (PNIC) which include congestion rents, and investment budget (IB)
costs. IB costs are composed by investments costs from projects approved by BNetzA (the federal network regulator) for expanding transmission systems. PNIC costs are then passed through directly in the consumer tariff.
Revenue-cap regulation is in turn mainly applied to operation and maintenance costs. Such costs include temporary non-influenceable and influenceable costs (TNIC+IC, respectively), but also some CAPEX for the assets in the regulated asset base. TNIC + IC are applied a TOTEX revenue-cap with both efficiency and productivity targets.
The detailed German regulatory formula looks like:
where:
V t = distribution factor for the reduction of the inefficiency (inefficiency needs only to be decreased fully at the end of the regulatory period or, for the first period, after the end of the second regulatory year).
KA vnb,0 = efficient costs (not influenceable at least in the current regulatory period).
KA b,0 = inefficient costs (influenceable in the current regulatory period).
VK t = volatile part of cost (e.g. lost head).
S t = balance for the regulatory account. bK = inefficient costs (influenceable in the current regulatory period) (KA b,0 ). vnbK = efficient costs (not influenceable at least in this period) (KA vnb, 0 ).
dnbK = not influencable costs (KA dnb,t ).
In this formula, yearly adjustments are then made for:
• Not influencable costs KA dnb,t.
• Quality element Q t.
• Coverage factor (Erweiterungsfaktor, EF t ) for extension of the network, which applies for distribution only.
Generation Scenarios and Transmission Planning
The combined cost-plus revenue-cap regime used in Germany relies on transmissionnetwork planning since the amendment of the electricity law (EnWG) in 2011. This planning process includes generation and demand scenario definitions, and the network development plan NEP. Based on these generation-forecast scenarios, the TSOs develop an initial draft of the NEP, which is then published for consultation with stakeholders, and finally approved by regulator, BNetzA.
As opposed to Weigt (2011), and Schill et al (2015) , the NEP is determined using a program that is independent from generation-power market dispatch.
Although its results are publicly disclosed, the specific NEP programming model used is, to our knowledge, not public information. The whole planning process is repeated yearly for a time horizon of 10-20 years. The TSOs' role is then to carry out such projects, and charge prices subject to combined regulatory cost-plus revenue-cap constraint.
Assessment
DENA-Verteilnetzstudie (2012) assessed the German electricity-transmission regulatory regime. They estimated a network investment requirement of ca. €27-€42 billion up to 2030. This study concluded that the revenue-cap regulatory regime originally in place then did not allow full cost-recovery alone, given the high required investments for replacement and expansion of networks. They then suggested the change to the current cost-plus regime to regulate transmission investment costs.
However, other studies implicitly challenge the change to a cost-plus regime to regulate transmission investment costs (e.g., Weber et al, 2013) . Such studies state that the current modified regime (cost-plus for new investment and revenue-cap for operation and maintenance) is not optimal since the TSOs tend to inflate costs and network capacity is not being increased where it is most needed; namely, in a north-tosouth corridor to bring into the populated southern consumption areas large amounts of wind power generated in the north. In fact, the regime seems to instead incent TSOs to connect lignite-power plants (and even overinvest in such connections), which seems a contradiction with the German large-scale renewable-integration policy goals.
A formal assessment of the regulatory incentives in the German electricitytransmission regime would require a comprehensive optimal welfare approach. In this paper we carry out a first step in that direction, by evaluating the associated incentives in the NEP transmission planning process. The German regime assumes scenarios for the evolution of generation capacity and technologies so as to determine network capacity expansions in transmission planning. However, an intuitive evaluation of this process suggests that the NEP might be a non-transparent transmission model and independently determined from the generation power-flow dispatch model.
Additionally, the TSOs evidently determine the NEP knowing ex ante that they will be subject to cost-plus regulation. Therefore, since system-operation and ownership are integrated, the German TSOs have incentives to strategically determine capacity expansions and inflate costs, anticipating cost-plus regulation in expansion costs. As opposed to the ISO models discussed in 3.2 and 3.3, the German TSOs do not seem to be maximizing welfare, but rather strategically maximizing profits under market power and asymmetry of information.
The above somewhat crude naïve intuition should need to of course be confronted with a formal welfare-analysis that allows evaluate welfare losses associated with the proposed NEP specific network expansions. Such a model should first carry out a transition from the current German uniform-pricing scheme to a nodal-pricing regime so as to be able to gauge the shadow value of network congestions, and be able to evaluate welfare efficiency in expanding transmission links (as in Hogan et al, 2010) .
One step in that direction has already been done by Kunz et al (2014) (see fig. 2 ). 16 This also implies a counterfactual where a hypothetical ISO maximizes welfare in an integrated transmission generation-dispatch power-flow model. The basic idea would be then to compare the actual network expansions proposed under NEP with the welfarebenchmark case simulations derived from this modeling strategy. We carry out this comparison in the next section.
Fig. 2
Average change in surplus of demand in the high wind winter week under volume-based allocation approach. Source: Kunz et al (2014), p. 18 
A Transitional Model of Transmission Planning in Germany
To quantify the required network expansion of the German electricity system, we employ a basic quantitative modelling approach. The model comprises an aggregated representation of the German power system which is optimized for an entire year. We consider two different regulatory settings with respect to their consideration of dispatch decisions and investment cost in the transmission planning cost, and analyze the implications on investment needs and system costs. The focus of this modeling strategy is to illustrate the existing incentives for excessive investment within the current regime in Germany, which decouples the generation capacity dispatch from their choice of network capacity expansions.
Model description and data
The underlying modelling approach is described by equations (1)- (5). The model determines the minimal-cost generation dispatch , and network expansion subject to maximum generation limit of generation units (2), the nodal energy balance with fixed price-inelastic demand (3), and the capacity limitations of transmission lines (4).
A DC load-flow approach is applied to capture the physical flow characteristics of electrical energy. Furthermore, we assume that load flow patterns are independent from network expansion in order to avoid arising non-linearities and reduce computational complexity.
The model is optimized for 2035 on an hourly basis for an entire year (8,760
hours). The dataset comprises the current projections of the German power system for 2035 based on BNetzA (2014). These data are also used for the 2015 version of the NEP. This includes the expected development of generation capacities as well as projections on fuel and CO 2 prices, and national load. As can be seen in Table 1, renewable capacities in Germany are expected to increase significantly while conventional capacities decline. Furthermore, the topology of the current transmission network as well as the spatial pattern of renewable generation and load are based upon . In 
Simulation results and discussion
The presented modelling approach allows us to quantify the implications of different regulatory settings on resulting network investments. Herein, the consideration of transmission investment cost within the NEP approach is particularly interesting. The current NEP approach decouples the dispatch of generation capacity from the determination of network expansion needs. As the spot market pricing in German power system relies on uniform pricing approach, generation dispatch is determined without considering internal network restrictions. If congestion in the German transmission network occurs, it is managed by the TSOs using curative congestion management options (Kunz, 2013) . Thus, TSOs currently have an incentive to optimize transmission investments to ensure the feasibility of the generation dispatch of the uniform pricing market, and reducing the need of congestion management.
Therefore, the first scenario, decoupled, captures the characteristics of the current NEP approach by disregarding cost for (or assuming costless) network expansion. This assumption ensures that network expansion is optimized solely to implement a cost-minimal generation dispatch within Germany. A counterfactual second scenario, integrated, optimizes both generation dispatch and network expansion with their associated costs. The difference between both scenarios is in the consideration of the investment cost for network expansion. Table 2 depicts the cost and capacity results of the two considered scenarios. In general, the significant increase of renewable generation capacities in Germany requires a reshaping of the existing transmission network in order to balance regional generation surplus and deficits. As a main share of renewable wind generation is expected in the northern part of the country (while load is mostly located in the western and southern part) transmission needs increase in particular from north to south. Considering a decoupled planning framework, as currently done within the German network planning, investment cost sum up to 15.4 bn. EUR relating to an increase of transmission capacity by 88.5 GW. 17 In an integrated optimization setting, total investment cost amount to 8.5 bn. EUR corresponding to an additional capacity of 48.6 GW. Thus, investment needs could be significantly reduced up to 45% through an integrated optimization of generation dispatch and transmission investments. However, both scenarios differ in the amount of investment needs which are lower in the integrated setting.
Fig. 3
Transmission capacity investments in Germany for 2035 in the decoupled and integrated scenario.
Decoupled Integrated
The savings in transmission investment needs basically stems from the fact that a change in the spatial generation pattern to circumvent congestion is less costly than expanding the corresponding transmission line. This effect then reduces the transmission need in particular in a few hours where either renewable wind generation is high. As can be seen in Fig. 3 , network expansion in the north eastern part of Germany is reduced to a large extent if transmission costs are considered. Due to dominant renewable wind capacity in this region, the temporary reduction of peak wind generation in a few hours leads to significantly lower expansion needs to adjacent regions. Thus, integrating the amount of energy of these few hours by expanding the transmission network comes at higher cost than replacing renewable generation by other generation technologies. Furthermore, this effect also occurs between different conventional generation technologies leading to less investment needs. Due to the integrated assessment of generation dispatch and network investments, we implicitly allow for regional price differences in the spot market. This leads on the one hand to higher cost for consumers and thus less surplus. On the other hand, producer face higher profits for the same reasoning. Furthermore, the TSO faces congestion rents in the integrated case which overcompensate the annualized investments cost. In combination with the lower amount of transmission investments, the increase in surplus of producers and TSOs exceeds the reduction in consumer's surplus yielding an increase of total welfare. Therefore, an integrated evaluation of cost for investments and benefits of added transmission capacity reduces the amount of transmission investments, and enhances the welfare of the entire system.
In our simulations, the benefits of added transmission capacity are determined within the spot market dispatch which allows for regional price differences.
Alternatively, benefits could also be defined as a reduction in the usage of congestion management measures which are done by the TSO after a uniformly priced spot market.
This approach is more consistent with current European market organization. However, as shown in Kunz (2013) , this would mainly impact the distribution of surplus between market participants. The efficiency of the generation dispatch and therefore the total welfare would remain unaffected. Therefore, the welfare benefits would also accrue in a system with a uniformly priced spot market and curative congestion management. 
Conclusions
Our qualitative overall assessment of both the German planning and regulatory regimes suggests that the German TSOs have incentives to strategically determine capacity expansions and inflate costs. The German TSOs do not seem to be maximizing welfare, but rather strategically maximizing profits anticipating cost-plus regulation in expansion costs.
Our formal analysis of the NEP further shows that the German TSOs have in general incentives to inefficiently overinvest as compared to a model that integrates both transmission expansion decisions and generation dispatch. The amount of over investment was measured in a transitional model for Germany, where we constructed a counterfactual with nodal prices. The results of our simulations show that investment needs could be significantly reduced up to 45%, and welfare enhanced in 1.3 bn. EUR, through an integrated optimization of generation dispatch and transmission investments.
Considering the benefits and costs of transmission expansion in the determination of transmission investment needs then avoids inefficient overinvestments in network infrastructure and enhances welfare of the entire system. If investment costs are disregarded in this process the network is designed to be congestion-free in all considered hours. This planning approach is in particular questionable in systems with high shares of renewable generation and consequently high temporary generation peaks in specific regions, as it may create significant overinvestments in transmission infrastructure.
In future work the combined German revenue-cap cost-plus transmission regulatory scheme could be formally analyzed. This would be achieved through a subsequent modeling step where this regime is contrasted with an alternative one that is subject to pure price-cap regulation over all transmission costs. Building on the integrated lower-level program already achieved in this paper, an upper-level programming model could be set up where the transmission company maximized its flow of profits subject to revenue-cap on operation and maintenance costs and cost-plus regulation for expansion costs. As in Schill et al. (2015) and Egerer et al. (2015) , detailed simulations under this last model might then be contrasted (in terms of welfare) with the HRV bi-level programming model, where price-cap regulation would be applied to both investment costs and operation-maintenance costs.
